Abstract-Considering the advantage of interleave division multiple access (IDMA) technique and the existing technical bottlenecks in satellite systems, IDMA is introduced into satellite communication networks. In multi-beam IDMA satellite systems, combined with unique SINR evolution technology, the system interference value can be accurately estimated, and system capacity can be accurately calculated considering the multi-user detection (MUD). Another important issue in applying IDMA scheme is that the received mobile user power levels at satellite are unequal. Due to inherent long propagation delay, the power fluctuations in mobile satellite channels cannot be perfectly compensated by power control techniques. Consequently, the capacity of the system is reduced, compared to system with perfect power control (PPC). This paper derives the signal power to interference and noise ratio (SINR) of multi-beam mobile satellite system and studies the capacity of IDMA in the presence of power control error. What's more, the system capacity is evaluated by outage probability and power control error (PCE). Broadband satellite network is a typical system with limited bandwidth and power. To ensure the requirements for quality of all kinds of services at the same time, how to effectively utilize the precious communication resources is an urgent problem to be solved. In communication systems, higher capacities can be obtained by using the available frequency spectrum efficiently. To achieve high spectrum efficiency and to provide large user population with service, multi-beams should be widely employed in mobile satellite systems in the future. Besides, it is feasible to use frequency division multiple access (FDMA) or time division multiple access (TDMA) in multi-beam satellite systems. However, there exist some technical bottlenecks, particularly in the frequency reuse aspect.
cost on multiuser detection (MUD) to eliminate multiple access interference (MAI) is tremendous with CDMA.
Interleave-Division Multiple Access (IDMA) [1] is derived from CDMA. As a new wireless access technology, the key thought of IDMA is to use different interleavers to distinguish multiple users, in which way users can transmit their information simultaneously. IDMA adopts the iterative chip-by-chip (CBC) detection scheme to combat with multiple access interference (MAI). Compared to CDMA, IDMA solves the problem of MAI at a lower computational complexity, the decrement of which is linear with the number of users [2] . In a practical system, we cannot expect perfect power control (PPC), thus the accompanying imperfect power measurement along with the response delay in the power control process will lead to power control error (PCE). Considering the link characteristics, an optimistic assumption is made that the performance of the IDMA on satellite systems is comparable to the performance achieved in terrestrial systems. An outstanding feature of satellite channels is the round trip propagation delay, which reduces the effectiveness of the power control methods and makes PCE inevitable in satellite systems.
In [3] , the input and output of the power control module for IDMA are studied. The capacity performance of the IDMA system under the perfect power control is examined in [4] . Considering the other cell interference factor, the link capacity of CDMA under imperfect power control is evaluated in [5] . However, the analyses mentioned above did not consider the advantages of IDMA technical or the influences of imperfect power control on the multi-beam satellite systems. A lognormally approximation method presented in reference [6] and [7] is adopted to analyze the capacity of multi-user system under imperfect power control, but they have not made in-depth analysis to the interference impacting on the system performance. The advantage of IDMA technology for future satellite communication systems is the high efficiency to overcome both intra-cell and intercells MAI with simple CBC MUD. Due to the analysis above, the capacity analyses of multi-beam IDMA satellite systems with the imperfect power control, combining the IDMA-CBC with MUD, have a practical significance.
Considering the advantage of IDMA technique, this paper derives the expression of system capacity by taking the multi-beam satellite systems into consideration. The other-cell interference in satellite environment is 
II. SYETEM MODE
The interference calculation model, based on the locations in desired and interfering beams, with respect to the satellite and the characteristics of the spot-beam antenna, are shown in Fig. 1. (We assume that all users are uniformly distributed.)From Fig. 1 , the cluster considered in the calculations consists of three tiers of surrounding spot-beams (37-beam cluster).  is the acceptance angle of int1erfering signal from other spot-beams, which is relative to center of the own spotbeam. The antenna gain of spot-beam can be specified as: 
We assume that there are N uniformly distributed users in each beam and the transmitted power from satellite with perfect power control (PPC) to the user-k is 0 P , thus the inter-cell interference can be calculated as:
III. SYSTEM CAPCITY WITH IMPERFECT POWER CONTROL
A. Perfect Power Control
Capacity is defined as the number of traffic channels through which a satellite can simultaneously offer given data rate and bit error rate. Therefore, in order to research the capacity performance of the perfect power control system, we introduce the concept of the overall interference power and signal power to interference and noise ratio (SINR). 
Combining (3) with (5), we get the overall equation of SINR as follows:
As to an ordinary system, given the values of the threshold   b req EI , the total bandwidth B and the information bit rate b R , N can be calculated. 
B. IDMA-CBC MUD and SINR Evolution Technique
Combining with the specific IDMA-CBC MUD, we consider the capacity analysis further, which effectively resist the internal MAI. Complete structure and procedure of IDMA-CBC MUD are given in literature [2] .
With single path channel synchronous and modulation setting as BPSK in this study, the performance of IDMA-CBC detection scheme is mainly reflected by the decrease in the variable variance, e.g. the variance of
As shown in (8), k V e.g. the variance of an arbitrary chip from user-k, which is the corresponding power interference factor in the iteration, is the function of
f SINR is referred as the expectation of the interference power, also the antiinference percentage with fixed SINR, written as
When the iteration reaches the iteration convergence point for user-k, equivalently, the system achieves maximum MAI elimination capacity, thus we define: E I R B , and the total interference can be expressed as:
() i f SINR is negatively correlated with SINR, ranging from 0 to 1, which has been verified in the literature [8] .
Here we assume that the input signal power to interference and noise ratio of the decoder is approximately the same for an arbitrary user-k, namely, all users share the same power interference factor ()
are SINR-k values after and before all iterations of CBC (chip-bychip) algorithm, respectively, IDMA technology involves SINR evolution technique which can obviously improve the system capacity through iteration, concluded as:
Therefore with the aid of this SINR evolution technique developed from the IDMA systems, the following expressions can be derived for the certification of capacity enhancement in IDMA-based satellite communication system:
where R b is the channel bit rate, B is the system bandwidth and () f  is the iterative factor of power control depending on SINR evolution.
Through (14), we can evaluate bit energy to total noise (thermal noise and MAI) power spectral density ratio, and (14) can be modified as:
C. Power Control Error
In satellite communications, the length of the round trip propagation delay makes power control error (PCE) inevitable. PCE is assumed to be log-normally distributed and the effect of it can be studied by multiplying the transmitted power by a log random variable [9] . The transmitted power to user-k becomes:
where 0 P is the transmitted power to user-k with PPC,  is a zero-mean Gaussian random variable with a standard deviation  , and the typical value of which is 1~2dB. When  =0 dB, the case corresponds to PPC.
With the assumption that received power is lognormally distributed, the SINR in this case is expressed as: 
Similar to PPC case, we can define this ratio in terms of bit energy to total interference power density ratio as:
    To simplify the analysis, it is essential to discuss a multi-beam system which offers a single business only. With k users transmitting signals and their transmission power independent from each other which is controlled individually, the total interference power received from the target beam ()
Ik is approximately equal to the summation of k independent and identically distributed lognormal random variables denoted by i P . Considering the convolution properties of the lognormal distribution, sum of multiple independent and lognormal random variables are approximately log-normal random [8] . Therefore, as a lognormal distributed random variable, the total received interference power of the system can be expressed as [9] :
The pdf of i P for k users is approximately log-normal with the following logarithmic mean () I mk and variance
Therefore, we can conclude that user SINR in a beam would be the ratio of two log-normal random variables, which is another log-normal random variable The user capacity of each beam, namely N, can be calculated according to (13) 
D. The Other-beam Interference Factor other f
Combing with the interference calculation model, we will mainly concentrate on the effects of the other-beam interference factor other f , because other f perfectly represents the MAI characteristics of the multi-beam system.
According to (2) , the other-beam interference factor is defined as the ratio of the interference power received from the other beams int er I to the interference power produced by users in local beam I intra . Consequently, with the equations (2) and (3) The value of other f , considering different number of users, is illustrated in Fig. 2 . Focusing on the 7 spot-beam layouts, it is clear that the value of the other-beam interference factor is inversely correlated with the number of users while the number of users is less than 50. When the user exceeds the threshold whose value is 50, as Fig.  2 illustrates, the other-beam interference factor isn't relevant to the number of users.
E. The Outage Probability Analysis
The outage probability calculation is necessary in performance evaluation of any multiuser system [12] . A user is not offered with a service when its 
where I is the total multiple access interference and 
The outage probability calculation is necessary for performance evaluation of any multiuser system. The total multiple access interference I with Gauss Distribution can be calculated from equation (22). Therefore, 0 IP can be approximately interpreted as Gaussian distribution. Literature [9] showed that
where u and 2  are the expectation and variance of 0 IP. out P can be obtained from formula (26) and (27) as:
where
represents the probability density function.
IV. PERFORMANCE EVALUATION
The processing gain is assumed to be 307, with the chip rate 1.2288 K chips/s. Here a multi-beam satellite with 37 spot-beam cluster is considered. Values of system parameters are as follows: Antenna diameter D =20m, and signal bit-energy to thermal noise density ratio
. Supposing radius of satellite trajectory Rs=42164km and beam radius r=400km. Required bit energy to interference power spectral density is assumed to be   3dB
, which is sufficient for satisfactory channel quality for a user in highway with QPSK modulation and rate 1/2 constraint length 9 convolution coding strategy [13] . Fig. 1 gives the interference model of given satellite. Suppose that there are 37 beams, c N sub-bands per beam, and c L traffic channels per sub-band in a given satellite system. Therefore, the whole system capacity C can be calculated as: Fig. 3 gives the multi-beam model, based on desired and interfering mobile locations in beams. The cluster considered in the calculations consists of three tiers of surrounding spot-beams (37-beam cluster) and the users are assumed to be uniformly distributed. For example, the multi-beam model including ten randomly distributed users is established in Fig. 3 . Fig. 4 shows that the analysis of the multi-beam IDMA system comparing the system capacity with PPC and the capacity degradation with PCE. As to the system with PPC, all mobile signal powers are the same and they satisfy the system requirements. If we consider PCE, some mobile users do not meet the necessary condition for good communication link. The simulation result demonstrates that the system capacity can be maximized by increasing the SNR. Furthermore, the larger the power control error, the greater the impact on the system capacity. Based on the SINR evolution technique, the system can make accurate estimation of available resource. () f  is the iterative factor of power control depending on SINR evolution and illustrate the high efficiency of CBC MUD. Fig. 5 shows that considering the effect of MUD, the system can lead to the accurate system capacity and the high efficiency of anti-interference ability.
In Fig. 6 , the outage probability is plotted for different power control error considered in this paper. As we can see, when the power control error increases, the outage probability of IDMA-based sub-band rapidly reduces. Fig.  6 shows that when the outage probability is 2 
10
 and the PCE standard deviation (  ) is 1dB, the number of users per sub-band reach to 45, while with the PCE standard deviation (  ) increase to 3dB, the number of users per sub-band dropped nearly to 25. That is to say, the subband capacity of IDMA decline by 44.4%.
In Fig. 7 , the system capacity is increased significantly by decreasing the required threshold of   b req EI . The result shows that the outage probability will be over 10 -2 when the SNR threshold gets to 4dB.
As shown in Fig. 7 , the fact that   The interference calculation model is proposed in this paper to evaluate the uplink performance of mobilesatellite multi-beam IDMA system and power control error performance with specified outage probability, out P . The other-cell interference in satellite environment and the SINR evolution is calculated and included in capacity calculations for this particular IDMA multi-beam satellite system, respectively. What's more, the outage probability is calculated with different power control error values. It is found that the system capacity may decrease significantly owing to the effect of imperfect power control.
However, in a multi-beam model, capacity reduction is not only caused by power control imperfection but also by the interference from the users within the overlapped region which belongs to the nearest adjacent beam. Based on this, the overall system capacity for multi-beam satellite system should be considered by taking the overlapped regions into account.
